Degradable metal alloys constitute a new class of materials for load-bearing biomedical implants. Owing to their good mechanical properties and biocompatibility, magnesium alloys are promising in degradable prosthetic implants. The objective of this study is to improve the corrosion behavior of surgical AZ91 magnesium alloy by titanium ion implantation. The surface characteristics of the ion implanted layer in the magnesium alloys are examined. The authors' results disclose that an intermixed layer is produced and the surface oxidized films are mainly composed of titanium oxide with a lesser amount of magnesium oxide. X-ray photoelectron spectroscopy reveals that the oxide has three layers. The outer layer which is 10 nm thick is mainly composed of MgO and TiO 2 with some Mg͑OH͒ 2 . The middle layer that is 50 nm thick comprises predominantly TiO 2 and MgO with minor contributions from MgAl 2 O 4 and TiO. The third layer from the surface is rich in metallic Mg, Ti, Al, and Ti 3 Al. The effects of Ti ion implantation on the corrosion resistance and electrochemical behavior of the magnesium alloys are investigated in simulated body fluids at 37± 1°C using electrochemical impedance spectroscopy and open circuit potential techniques. Compared to the unimplanted AZ91 alloy, titanium ion implantation significantly shifts the open circuit potential ͑OCP͒ to a more positive potential and improves the corrosion resistance at OCP. This phenomenon can be ascribed to the more compact surface oxide film, enhanced reoxidation on the implanted surface, as well as the increased ␤-Mg 12 Al 17 phase.
I. INTRODUCTION
As degradable biomedical metals in prosthetic devices, magnesium alloys provide many advantages to patients with bone fractures or defects due to their good biocompatibility as well as higher tensile yield strength and Young's modulus compared to degradable polymeric implant materials. 1 The materials were first introduced to orthopedic and trauma surgeries in the first half of the last century. 2 In comparison with other biomedical metallic materials such as Ti and titanium alloys, stainless steels, and CoCr alloys, magnesium alloys, especially AZ91 alloy, offer a low elastic modulus ͑45 GPa͒ and high tensile yield strength ͑200 MPa͒. 3 In practice, a lifetime of at least 90 days to 1 yr is needed for devices implanted inside humans. Therefore, the poor corrosion and high chemical reactivity hinder more widespread use for Mg alloys as degradable bone implants. Recent developments in casting techniques have improved the purity of magnesium alloys and enhanced their corrosion resistance. Other effective ways to enhance the corrosion resistance is by introduction of surface coatings via physical or chemical means. In order for the coatings to provide adequate corrosion protection, they must be uniform, adhesive, free of pores, and selfhealing in order to meet the stringent requirements in applications where physical damages to the coatings are expected. In this respect, the high chemical reactivity of magnesium alloys in contact with air or water results in the formation of oxide/hydroxide layers that have detrimental effects on the coating adhesion and uniformity. 4 Ion implantation is one of the effective techniques to enhance coating adhesion and surface properties via ion mixing and formation of graded near-surface structures. [4] [5] [6] Recent studies on Cr, 6 Al, 7 18 phase transition can be observed. 5 The effects of N, H, and H 2 O implantation on the corrosion behavior of magnesium alloy have also been studied. The more compact surface oxide layers formed by N and H 2 O ion implantation result in higher corrosion resistance, 10, 11 whereas the formation of MgH 2 is responsible for the significant improvement in the corrosion resistance of H ion implanted high purity magnesium or AZ91 magnesium alloy. 12 However, it should be noted that these above studies mainly focus on magnesium or magnesium alloys as structural materials in automotive and aeronautical applications instead of biomedical engineering.
As one of the biocompatible metal elements, titanium is widely used for prosthetic devices. In previous studies, titanium ion implantation was found to enhance the wear and corrosion properties of stainless steels. 13, 14 In the work reported here, we investigate the effects of Ti ion implantation on the corrosion resistance of AZ91 Mg alloy in simulated body fluids.
II. EXPERIMENTAL DETAILS
Commercially available extruded AZ91 Mg alloys produced by YiHo Corporation, Shenzhen, China were used in our experiments. Their compositions are listed in Table I . Samples with dimensions of 10ϫ 10ϫ 2 mm 3 were prepared for the corrosion tests and surface characterization. The specimens were ground with water-proof papers, Nos. 400, 1200, and 2400 grits, sequentially and then fine polished. The specimens were ultrasonically washed in ethanol for 10 min.
Ti ion implantation was produced in our plasma immersion ion implanter equipped with a titanium cathodic arc plasma source, as shown in Fig. 1 . [15] [16] [17] By applying a pulsed high voltage ͑10 kV͒ to the specimens, titanium ions were implanted. During the high-voltage off cycle, some deposition of metal particles occurred but as indicated in the depth profiles to be discussed in the following section, the dominating process was ion implantation. Implantation was carried out for 2 and 4 h ͑samples designated as AZ91T-2 and AZ91T-4, respectively͒.
The surface composition and depth profiles of the implanted samples were obtained by x-ray photoelectron spectroscopy ͑XPS͒ ͑PHI 5802͒ with argon sputtering and monochromatic Al K␣ radiation. The sputtering depth was estimated based on archival sputtering rates in similar experiments. The structural phases were identified by x-ray diffraction ͑XRD͒ using a Shimadzu XRD-6000 diffractometer and Cu K␣ irradiation ͑ = 0.154 060 nm͒.
The corrosion test apparatus consisted of a conventional three-electrode cell comprising a working electrode, a saturated calomel electrode as the reference electrode, and a pure carbon stick as the counterelectrode. The specimens were prepared by connecting a copper plate to one side of the sample covered by cold setting resin. The opposite surface of the specimen was exposed to the solution. The exposed area was about 1 cm 2 . The corrosion tests were carried out at 37± 1°C in simulated body fluids with the following com- Changes in the open circuit potential ͑OCP͒ as a function of time during an exposure time of abut 4000 s were recorded. Electrochemical impedance spectroscopy measurements were conducted using the GAMRY Reference 600 after a relatively stable OCP was obtained after 3600 s immersion. The perturbing signal consisted of an alternating current amplitude of 10 mV and frequency range from 100 kHz to 10 mHz. The data were analyzed using the software GAMRY ECHEM ANALYST. Three or more specimens were tested for each set of conditions to obtain good statistical averages. 
III. RESULTS

A. Structures
Due to the low conductivity of magnesium oxide, the effect of charge accumulation may cause irregular ablation of the specimen surface and damage in the coatings when a high pulsed voltage ͑10 kV in this case͒ is applied. Figure 2 shows the influence of the implantation time on the implant depth profiles. A roughly Gaussian implant distribution can be observed. With increasing ion implantation time, the titanium peak depth increases from about 80 nm ͑2 h͒ to 100 nm ͑4 h͒. The titanium peak concentration also changes. The peak concentrations of AZ91T-2 and AZ91T-4 are approximately 45 and 52 at. % at depths of ϳ44 and 28 nm, respectively. The Ti peak in AZ91T-4 spanning a depth range of 25-60 nm is wider than that of AZ91T-2. It should be noted that the surface oxide layers on the different specimens have different compositions. Up to a depth of 20 nm, the oxide layer on AZ91T-2 is mainly composed of magnesium oxide. In contrast, titanium oxide makes up the oxide layer on AZ91T-4 up to a depth of 60 nm. In addition, there are lower Al and Zn concentrations up to a depth of 40 nm. At depths over 40 nm, the Al concentration increases gradually, indicating that titanium ion implantation results in diminished Al concentrations in the implanted layer.
The XPS depth profiles disclose that the surface modified layer consists of three different regions based on the valence states of the elements. Figures 3͑a͒-3͑d͒ depict the changes of the Mg, Ti, Al, and O valence states with depths. The Mg 1s patterns are shown in Fig. 3͑a͒ . With increasing sputtered depths, the Mg 1s peaks reveal three different chemical states. At the near surface, the peak at 1302.7 eV corresponds to Mg͑OH͒ 2 . At a depth of about 40 nm, the peak at 1304.0 eV indicates the existence of MgAl 2 O 4 , and at 56 nm, the peaks at 1303.1 and 1304.0 eV correspond to metallic Mg. The Ti 2p patterns in Fig. 3͑b͒ indicate that Ti has two distinct oxidation states. 13 The
are also observed. The alloy component Al is seen to exist mainly as oxide on the surface and as metallic Al in the subsurface, as shown in Fig. 3͑c͒ . At depths up to 40 nm, the Al 2p peak at 74.7 eV corresponds to Al 2 O 3 and at depths between 40 and 60 nm, the peaks at 74.3 and 72.8 eV coexist, implying the existence of Al 2 O 3 and metallic Al. At depths over 60 nm, the single peak at 72.9 eV corresponds to metallic Al. The oxygen spectra are exhibited in Fig. 3͑d͒ . The relatively wide O 1s peak shifts from 529 to 534 eV at the surface. It is almost asymmetric and can be deconvoluted into two peaks corresponding to O 2− such as Al 2 O 3 ͑531.1 eV, alpha 531.8 eV, and gamma 530.9 eV͒, MgO ͑530.0, 531.2, and 532.1 eV͒, and TiO 2 ͑529.9 eV͒ and one at ϳ531.4 eV corresponding to OH − species. At depths exceeding 60 nm, the O 1s peak at 531.5 eV can be fitted with three peaks corresponding to MgO ͑531.2 eV͒, Al 2 O 3 ͑531.1 eV and alpha 531.8 eV͒, and TiO 2 ͑529.9 eV͒. The O 1s spectra confirm the compositional structure indicated by the other elements.
14 Based on the XPS results, the three-layer structure in the Ti implanted AZ91 alloy has the following compositions. The outer layer which is 10 nm thick is mainly composed of MgO and TiO 2 with some Mg͑OH͒ 2 . The middle layer that is 50 nm thick comprises predominantly TiO 2 and MgO with minor contributions from MgAl 2 O 4 and TiO. The third layer from the surface is rich in metallic Mg, Ti, Al, and Ti 3 Al. There are no abrupt boundaries among these layers due to the ion mixing effects.
The phase compositions of the unimplanted and implanted specimens are determined by XRD and the diffraction patterns are displayed in Fig. 4 
B. Corrosion behavior measured in simulated body fluid
The variations in the OCP determined from the unimplanted and implanted AZ91 samples are shown in Fig. 5 According to the previous studies, 19, 20 the loop at high frequencies results from both charge transfer and the film effect. The middle-frequency capacitive loop is attributed to mass transport relaxation in the solid phase, whereas the inductive loop is possibly due to relaxation processes of the adsorbed species. Song et al. have also pointed out that the surface film on Mg alloy may consist of three different layers: an inner layer rich in Al 2 O 3 , a middle layer composed mainly of MgO, and an outer layer made of Mg͑OH͒ 2 . 21 The different compositions and structures for the surface films on the unimplanted and implanted AZ91 samples are responsible for the different corrosion behaviors.
IV. DISCUSSION
Usually, metal ion implantation yields hybrid effects reflecting both ion irradiation and deposition. It also results in the removal of surface oxide and formation of an ion implanted intermixed layer. [7] [8] [9] [10] [11] Our XPS and XRD results indicate that a three-layered surface film is formed on the AZ91 samples after titanium ion implantation. The XRD results indicate the appearance of the ␤-Mg 12 Al 17 phase after ion implantation. With a longer implantation time, the proportion of the ␤-Mg 12 Al 17 phase is increased. The suitable heat treatment can increase the ␤-Mg 12 Al 17 phase due to the increase in the driving energy. 22 Ion bombardment is similar to cold working in that internal strain is induced, 23 as the original surface lattice arrangement is disturbed. Hence, internal strain-induced formation of the ␤-Mg 12 Al 17 phase in the implanted surface layer is possible. Moreover, metal ion bombardment increases the surface temperature thereby, expediting aging. Hence, by increasing the implantation time, the proportion of the ␤-Mg 12 Al 17 phase is increased as corroborated by the relative intensities.
The OCP values of the unimplanted and implanted AZ91 samples exhibit similar changes. Firstly, the OCP values fluctuate sharply and then attain relatively stable values. When the samples are immersed in the test solution that contains chlorine ions, formation and dissolution of oxide start spontaneously, 24 as reflected by the fluctuations in the OCP values. After the reactions reach equilibrium, the OCP values become steady. Our results show that Ti ion implantation impacts the final potential that displaces the curves to more noble potentials. Earlier investigations have pointed out that tantalum ion bombardment with a suitable ion dose leads to a dense MgO layer that yields improved corrosion resistance in NaCl solutions. 8 Therefore, the denser surface film may be an important factor in the improved electrochemical stability of the implanted AZ91 specimen. The XPS results reveal that Ti ion implantation creates an outer layer comprising MgO and TiO 2 . This hybrid oxide layer may also produce the positive OCP shift.
Taking the surface characteristics of the samples and response to impedance into account, the equivalent circuit ͑EC͒ of the unimplanted and implanted AZ91 sample/ solution system at E corr is shown in Fig. 7 based on the equivalent circuit models of Baril and Pebere 19 and Cao.
25
The EC consists of R e , resistance of the electrolyte between the working and reference electrode, a charge transfer resistance R t ͑electron transfer͒ in parallel to the double layer constant phase element CPE dl , and a CPE assigned to the layer, CPE f , in parallel to a film resistance R f . The constant phase element is usually used instead of a capacitive one to account for the nonideal capacitance response due to the nonexistence of pure capacitance in the real electrochemical process: Z ͑CPE͒ =1/͓Y 0 ͑j͔͒ , where Y 0 is a constant, is the angular frequency, and is a mathematical expression ͑0 ഛ ഛ 1͒. It is resistive for = 0 and capacitive for =1. 0 Ͻ Ͻ 1 represents deviation from the ideal capacitance. 25 The EC parameters are shown in Table II . After 1 h immersion in simulated body fluids, the film resistance of AZ91T-4 is approximately eight times greater than that of the unimplanted AZ91. Moreover, the R t value is about one order of magnitude higher. Earlier studies have revealed that the native oxide thin film is very thin ͑about 6 nm͒, 26 and it causes the Mg alloy to undergo electrochemical corrosion very quickly. Corrosion inhibition on the magnesium alloy is mainly attributed to the formation of a primary film of MgO and Mg͑OH͒ 2 . 27 In comparison, after metal implantation, the surface oxide film becomes more compact 8 and at the same time, sputtering and reoxidation during and after implantation constitute two competing steps for the surface oxide. 13 For the same implantation parameters, the surface compactness is similar for both implanted AZ91 samples, and the influence on corrosion resistance is slight. The difference in composition of the surface oxide film ͑about 10 nm͒ may be responsible for the different R f in the two implanted AZ91 samples. According to the XPS results, the oxygen content of the outer implanted surface is similar, but the Ti and Mg contents are different. This may cause the difference in the corrosion resistance on the implanted specimens. After a sufficient long immersion period, the middle layer rich in TiO 2 may dominate the corrosion resistance. Compared to AZ91T-2, the XPS results show that the middle layer in AZ91T-4 is thicker with a higher TiO 2 concentration and lower MgO concentration. A large mount of TiO 2 can lower the electronic conductivity of the implanted surface and impede electron tunneling necessary for the oxygen evolution reaction. In addition, short-term aging leads to precipitation of the ␤-Mg 12 Al 17 phase along the grain boundaries in the aluminum rich areas of the ␣ matrix. 24 The increase in the ␤-Mg 12 Al 17 phase concentration may act as a barrier impeding pitting corrosion on the Ti implanted AZ91 samples.
V. CONCLUSION
The surface composition, chemical composition with depth, and corrosion characteristics of titanium implanted AZ91 magnesium are determined. Ti is implanted to depths of about 80 and 100 nm at 10 kV for 2 and 4 h, respectively. A three-layer surface film is formed. It includes an outer layer composed mainly of MgO and TiO 2 with a small amount of Mg͑OH͒ 2 . The middle layer consists primarily of TiO 2 and MgO with a lesser amount of MgAl 2 O 4 and TiO, whereas the inner layer is rich in metallic Mg, Ti, Al, and Ti 3 Al. Simulated body fluid immersion tests confirm markedly better corrosion resistance of the Ti ion implanted AZ91 samples. An implantation time of 4 h is better based on the corrosion results. The corrosion resistance enhancement is believed to stem from the more compact and noble oxide film as well as formation of more ␤-Mg 12 Al 17 .
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